Background {#Sec1}
==========

The use of renewable plant biomass is a key to a viable bio-based economy. The efficient enzymatic hydrolysis of these bulk substrates into value-added products is a promising approach to achieve this goal. However, because lignocellulolytic polysaccharides show a complex and diverse composition, multiple enzyme classes are required for their hydrolysis \[[@CR1], [@CR2]\]. Furthermore, owing to the high price of enzymes, reducing their amount required in reactions is a major task in making bioconversions more cost-effective \[[@CR3]--[@CR6]\].

Synergism between endo- and exoglucanases has been described to lower the enzyme concentration required for cellulose degradation \[[@CR6]--[@CR9]\]. The addition of non-cellulolytic enzymes, such as xylanases, can further enhance the hydrolytic potential of cellulase mixtures \[[@CR10]--[@CR12]\] and increase the hydrolytic efficiency of pretreated bagasse by enhancing cellulose accessibility \[[@CR13]\]. Similarly, the degradation of xylans, particularly arabinoxylans, can be improved by exploiting the synergistic effects of β-xylanases, β-xylosidases, and α-arabinofuranosidases \[[@CR14]--[@CR16]\]. Moreover, synergistic enzyme combinations have been described for the degradation of other hemicellulosic substrates, such as (galacto)mannan \[[@CR17]--[@CR19]\] and glucans \[[@CR20]\]. However, while synergism between various enzyme activities has been described for the hydrolysis of all major hemicelluloses (xylans, glucans, and mannans), it has not yet been reported for xyloglucan (XG) breakdown.

Xyloglucan is a common polysaccharidic structural component predominant in the primary cell walls of plants \[[@CR21], [@CR22]\]. It comprises a β-1,4-glucan backbone that is regularly decorated with other sugar residues. XG interacts with cellulose and modulates cell wall rigidity; however, the extent of its tethering effect remains only partly understood \[[@CR23]\]. In contrast, XG also serves as a storage polysaccharide in tamarind seeds and is usually hydrolyzed into four backbone oligosaccharides \[[@CR24]\]: XXXG, XLXG, XXLG, and XLLG (these four-letter abbreviations represent hepta-, octa- and nonameric oligosaccharides with a Glc~4~ backbone and xylose and galactose substituents; for nomenclature code, see \[[@CR6]\]). XG polysaccharides have various industrial and pharmaceutical applications, but the potential of XG oligosaccharides has not been intensively investigated to date although they have been shown to exhibit lipid-lowering properties in rats \[[@CR25]\]. Thus, more effects in analogy to other oligosaccharides can be expected.

Endoglucanase Cel9D (EC 3.2.1.4) is active toward tamarind XG from *C. thermocellum* and rapidly liberates the hepta- and octasaccharides, XXXG, XLXG, and XXLG. In contrast, the nonasaccharide XLLG, which comprises two galactose residues, is released much more slowly. Other endoglucanases from *C. thermocellum* with activity toward XG did not show a difference in the release rate of the oligosaccharides. We presumed that Cel9D is hindered by the consecutive galactose substitutions. In this study, we therefore, investigated whether the addition of a β-galactosidase can facilitate a faster and complete XG degradation by Cel9D.

Methods {#Sec2}
=======

Protein production and specific activity {#Sec3}
----------------------------------------

All enzymes used in this study were produced using the pET-24c(+) expression plasmid (Thermo Fisher Scientific, Waltham, USA) in *E. coli* BL21Star™ cells (Thermo Fisher Scientific) and purified by means of a C-terminal hexahistidine-tag as previously described \[[@CR9]\] except for the use of auto-induction medium \[[@CR26]\] instead of IPTG induction. The specific activity of Cel9D for XG (480 ± 20 U/mg) was determined as previously described using the DNSA-assay \[[@CR27]\]. β-Galactosidase Bga2B (Cst_c09830, EC 3.2.1.23) from *C. stercorarium* which showed a specific activity of 3.1 U/mg for XG, was characterized and kindly supplied by Jannis Broeker of TU Munich, Germany.

Enzyme reaction {#Sec4}
---------------

The total reaction volume of 1.2 ml comprised 1 ml 1% (w/v) tamarind XG substrate obtained from Megazyme (Bray, Ireland) solubilized in ddH~2~O, 100 µl citrate--phosphate buffer pH 6.4, prepared as described previously \[[@CR28]\], and 100 µl of the respective diluted enzymes (Cel9D, 0.12--24 U; Bga2B, 0--155 mU). All components were mixed on ice before starting the assay reaction at 60 °C. Suitable reaction conditions for both enzymes were determined using pH vs. temperature plots as described previously \[[@CR28]\]. Incubation was performed by shaking at 800 rpm at 60 °C for 6 h using a HLC MHR 23 thermomixer (Ditabis, Pforzheim, Germany). After the first 5 min of the overall incubation time, the reaction tubes were inverted several times to ensure that the reaction samples were thoroughly mixed as the viscosity is reduced at the beginning of the reaction. Finally, the reaction tubes were cooled in ice water before they were either directly used for high-performance anion-exchange chromatography coupled with pulsed amperometric detection (HPAEC--PAD) analysis or frozen at − 20 °C. All reactions were performed in triplicate. Tamarind kernel powder (TKP) was obtained from Tamarind Magic (Hyderabad, India) and used as described for the model XG substrate.

HPAEC--PAD analysis {#Sec5}
-------------------

Reaction yields of the enzyme reactions described above were assessed by quantifying the amount of Glc~4~ backbone oligosaccharides produced using HPAEC--PAD with a Dionex™ ICS-3000 system (Thermo Fisher Scientific). The reaction products obtained from the enzyme reactions with Cel9D and Bga2B contained all four Glc~4~ backbone oligosaccharides present in tamarind XG (XXXG, XLXG, XXLG, and XLLG) in varying ratios. These Glc~4~ backbone oligosaccharides are the end products of the reaction. All samples were heat treated for 30 min at 95 °C to completely inactivate Cel9D. To ensure an unbiased quantification, 100 µl aliquots of all samples were then incubated with 23 mU Bga2B at 60 °C for 6 h. This step ensures that the XLXG, XXLG, and XLLG oligosaccharides present in the reaction mixture are converted into the XXXG oligosaccharide. This procedure does not change the total amount of Glc~4~ backbone oligosaccharides produced and allows quantification via HPAEC--PAD against a XXXG oligosaccharide standard obtained from Megazyme.

5 µl of the aliquot was mixed with 495 µl ddH~2~O and analyzed by HPAEC--PAD on a CarboPac PA1 column using conditions previously described \[[@CR29]\]. XG heptasaccharide XXXG was used as a standard to quantify the samples and as a bracketing standard to account for the loss of detector signal over time. Negative controls of the substrate without Cel9D were tested to demonstrate that no oligosaccharides were present or formed without the addition of the endoglucanase.

Results and discussion {#Sec6}
======================

Glc~4~ backbone oligosaccharides are the end products of the reaction of XG with Cel9D. However, the enzyme produced XLLG more slowly than the other Glc~4~-backbone oligosaccharides (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). We tested, whether the addition of the β-galactosidase Bga2B can increase the amount of Glc~4~ backbone oligosaccharides released by Cel9D. To ensure, that incubation conditions are applicable for both enzymes, we used a pH vs temperature activity profile (Fig. [1](#Fig1){ref-type="fig"}). Conditions suitable for both enzymes were visually determined to be pH 6.4 and 60 °C. To study the beneficial interaction between the two enzymes for XG hydrolysis, we first incubated a fixed amount of Cel9D (480 mU) with varying amounts of Bga2B (0--155 mU). With 31 mU Bga2B determined as the required amount, we varied the Cel9D concentration from 120 mU to 24 U to achieve a maximal reduction of Cel9D needed and achieved an 80% reduction in total enzyme load.Fig. 1pH vs. temperature plots of Cel9D (left) and Bga2B (right) using XG and *p*NP-β-[d]{.smallcaps}-galactoside as substrate, respectively. The following gradient was used in the PCR cycler: 42.4, 46.0, 49.6, 53.2, 56.8, 60.4, 64.0, 67.6, 71.2, and 74.9 °C. The relative activity of the enzyme is depicted by color from red (100%) to purple (0%)

To test whether the addition of a β-galactosidase improves the XG degradation capability of Cel9D, 480 mU of Cel9D were incubated with increasing amounts of Bga2B (0--155 mU). As shown in Fig. [2](#Fig2){ref-type="fig"}, the reaction yield during the incubation interval doubled with the addition of only 3.1 mU Bga2B and increased further to sevenfold when 31 mU or more Bga2B was added. The smallest amount of Bga2B to produce even a slight increase in reaction yield was determined to be 1.55 mU. Negative controls using only Bga2B without Cel9D showed the release of galactose and no degradation of the polymeric XG backbone (data not shown).Fig. 2Relative yields of Glc~4~ XG oligosaccharides liberated from xyloglucan at increasing concentrations of β-galactosidase Bga2B. Reactions were carried out with 1% (w/v) substrate in a reaction volume of 1.2 ml at pH 6.4 and 60 °C. A constant amount (480 mU) of Cel9D was used in all reactions. The yield of the reaction without the addition of β-galactosidase Bga2B was set to 100%

In the next experiment, between 120 mU and 24 U of Cel9D were added to the reaction mix, with and without a constant addition of 31 mU of Bga2B (Fig. [3](#Fig3){ref-type="fig"}, gray bars and black bars respectively). In the absence of Bga2B, reaction yield correlated directly with Cel9D concentration. In contrast, in the presence of 31 mU Bga2B reaction yield reached nearly 100% using only 360 mU Cel9D. Therefore, the yield ratios between reactions with and without Bga2B were more pronounced at lower Cel9D concentrations, peaking at more than a 22-fold yield increase for the reaction containing 240 mU Cel9D.Fig. 3Relative yields of Glc~4~ XG oligosaccharides liberated from xyloglucan using increasing concentrations of the xyloglucanase Cel9D. Reactions were performed with either the addition of 31 mU β-galactosidase Bga2B (gray) or in its absence (black). The highest obtained reaction yield was set to 100%

Interestingly, even with the highest amount of Cel9D used in this study the XG backbone cleavage reaction could not be completed to the extent achievable with Bga2B addition. Using 24 U of only Cel9D (50 µg) resulted in an 85.3 ± 2.6% reaction yield. In contrast, only 360 mU of Cel9D (0.75 µg) produced a yield of 93 ± 2.7% when combined with 31 mU Bga2B (10 µg). Thus, in addition to the increased yield, the total amount of enzyme in the reaction was concomitantly reduced by nearly 80%. This may indicate that Cel9D is unable to efficiently degrade the parts of the XG substrate that contain a high abundance of double galactose substitutions (XLLG). This negative effect is alleviated by removing the side chains with the β-galactosidase. Bga2B was the only enzyme with β-galactosidase activity toward XG available in our lab. Screening for a more active β-galactosidase could further lower the amount of enzyme needed in the reaction.

All other endo- and xyloglucanases from *C. thermocellum*, apart from Cel9D, with specific activities toward XG in a similar range (Xgh74A, Cel5E, and Cel9/44 J), were analyzed for a stimulating effect of galactosyl moiety removal, but none exhibited an increase in reaction yield from the addition of Bga2B. With the addition of 31 mU Bga2B, Cel9D was the most effective XG degrading enzyme from *C. thermocellum* (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). Additionally, an enzyme from *Herbivorax saccincola* GGR1^T^ with activity toward XG was tested, which revealed that Cel9K from this recently isolated bacterium \[[@CR30]\] acts in a manner similar to Cel9D (unpublished data). Therefore, this effect is not limited to Cel9D from *C. thermocellum*, but may be specific to a certain subset of GH9 endoglucanases. Finding the underlying structural associations that produce this dependency would be an interesting task for future studies to further define this subset of enzymes.

The removal of the galactose moieties from the side chains of the XG substrate is a prerequisite for its complete hydrolysis to monosaccharides \[[@CR31], [@CR32]\], which makes the beneficial effects of synergism between the β-galactosidase Bga2B and endoglucanase Cel9D observed in this study particularly useful. With tamarind XG as a substrate, the reaction using these two enzymes in appropriate amounts for a complete reaction results in only two major reaction products: the heptasaccharide XXXG and the monosaccharide galactose. Galactose could easily be removed via various approaches, such as nanofiltration or simulated moving bed chromatography, leaving the XXXG oligosaccharide as the major product. The selective production of one large oligosaccharide with a defined degree of polymerization implies the potential for industrial application, including use as a platform chemical. Additional properties, such as application as prebiotic food or feed supplement, should be evaluated. The addition of Bga2B increased the total product yield obtained using the model XG substrate as well as tamarind kernel powder (TKP, Additional file [1](#MOESM1){ref-type="media"}: Figure S3). TKP is a bulk substrate and a side product of the tamarind pulp industry and may serve as a cheap substrate for industrial applications.

In conclusion, our study demonstrates the first beneficial combination of two enzymes for the degradation of the hemicellulose XG. β-Galactosidase Bga2B addition during the endoglucanase Cel9D-catalyzed hydrolysis of XG boosted the reaction yield and lowered the total amount of enzyme needed. The effect described in this study could be applied in the valorization of substrates with high XG contents, such as TKP.

Additional file
===============
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**Additional file 1: Figure S1.** Relative peak areas determined by HPAEC-PAD of the XG oligosaccharides XXXG, XLXG/XXLG, and XLLG over time during XG hydrolysis using Cel9D. **Figure S2.** Relative reaction yields determined by HPAEC-PAD with 1 µg Cel9D, Cel5E, Cel9/44J or Xgh74A using standard reaction conditions with (grey) and without (black) the addition of 31 mU Bga2B. **Figure S3.** XXXG oligo concentrations determined by HPAEC-PAD after 6 h, 60 °C incubation of 480 mU Cel9D with (grey) and without (black) the addition of 31 mU Bga2B.
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